MATERIALS AND METHODS Plant Growth and Chloroplast Isolation. Spinach (Spinacia oleracea L.) plants were grown in the greenhouse or growth chamber-grown (12-h photoperiod, 22°C day/170C night). Leaves were ground briefly in a Waring Blendor2 using an iced slurry containing 0.33 M sorbitol, 10 mm Na4P207 (pH 6.5), 5 mM MgC12, and 2 mm isoascorbate (12). The chloroplasts were pelleted by centrifugation at 2,000g for 5 s. Chloroplasts from greenhousegrown spinach were washed in a buffer containing 0.4 M sorbitol, 50 mM Hepes-NaOH (pH 7.6), 10 mm NaHCO3, and 5 mm EDTA. Chloroplasts were resuspended carefully in a medium containing 0.33 M sorbitol, 50 mm Hepes-NaOH (pH 7.6), 1 mm MnCl2, 1 mM MgCl2, and 2 mm EDTA. The final suspension of chloroplasts (70-80% intact) contained about 0.5 mg/ml of Chl.
Mg2e. These data suggested that Mg2e induced reversible H+/K+ fluxes across the chloroplast envelope. Ca2+ and Mn2" (2 millimolar) were as effective as 4 millimolar Mg2e in causing K+ efflux from chloroplasts and inhibition of 02 evolution. In contrast, 10 millimolar Ba2+ induced only a small amount of inhibition. The lack of strong inhibition by Ba2+ indicated that the effects of divalent cations such as Mg2e cannot be attributed to generalized electrostatic interactions of the cation with the chloroplast envelope. With the chloroplasts used in this study, stromal acidification caused by 2 miPlimolar Mg2e was small (0.07 to 0.15 pH units), but sufficient to account for the inhibition of 02 evolution (43%) induced by Mg2+ .
A variety of ATPase inhibitors were tested for effects on Mg2+-induced H+/K+ fluxes. Oligomycin was the only ATPase inhibitor which specifically inhibited photosynthesis in the presence of Mg2e + K+, but had little or no effect in the absence of these cations. In the presence of oligomycin, much higher concentrations (50 millimolar) of exogenous K+ were required to reverse Mg2+-induced acidification and inhibition of 02 evolution than in its absence. Oligomycin (in the absence of divalent cations) increased the inhibition of photosynthesis caused by sodium acetate, which acts by causing stromal acidification. In addition, the chloroplast envelope ATPase was inhibited partially (45%) by oligomycin. These results suggested that H+ fluxes across the chloroplast envelope are regulated by two mechanisms: (a) an active, oligomycin-sensitive H+ efflux and (b) a reversible, Mg2+-dependent, oligomycin-insensitive H+/K+ exchange.
Photosynthesis by isolated intact chloroplasts is strongly inhibited by acidification of the stroma. Addition of exogenous Mg2e to intact chloroplasts induces stromal acidification (3, 10), even though the chloroplast envelope is not permeable to divalent cations (3, 6) . Thus, low concentrations (1-4 mM) of Mg2' are able to inhibit photosynthesis. The inhibition of 02 evolution by stromal acidification is a result, in part, of increased chloroplast 1 MATERIALS AND METHODS Plant Growth and Chloroplast Isolation. Spinach (Spinacia oleracea L.) plants were grown in the greenhouse or growth chamber-grown (12-h photoperiod, 22°C day/170C night). Leaves were ground briefly in a Waring Blendor2 using an iced slurry containing 0.33 M sorbitol, 10 mm Na4P207 (pH 6.5), 5 mM MgC12, and 2 mm isoascorbate (12) . The chloroplasts were pelleted by centrifugation at 2,000g for 5 s. Chloroplasts from greenhousegrown spinach were washed in a buffer containing 0.4 M sorbitol, 50 mM Hepes-NaOH (pH 7.6), 10 mm NaHCO3, and 5 mm EDTA. Chloroplasts were resuspended carefully in a medium containing 0.33 M sorbitol, 50 mm Hepes-NaOH (pH 7.6), 1 mm MnCl2, 1 mM MgCl2, and 2 mm EDTA. The final suspension of chloroplasts (70-80% intact) contained about 0.5 mg/ml of Chl.
02 Evolution. Rates of 02 evolution were determined polarographically using a Clark-type platinum O2 electrode placed in a 2-ml. H20-jacketed cuvette at 250C. The reaction mixture contained 0.33 M sorbitol, 50 mM Hepes-NaOH (pH 7.6), 1 mm MnCl2, 1 Mg2+. An increase in K+ was observed in the presence of Ca2' or Mn2" + K+ that was similar to that obtained with Mg2e (Fig. 1 ). relationship between 02 evolution and stromal pH, an estimation of the amount of 02 evolution inhibition caused by 2 mm Mg2+ was made. Mg2+ (2 mM) at pH 7.6 acidified the stroma about 0.08 pH units. We estimated that this degree of acidification would inhibit the rate of 02 evolution by about 37%. The observed decline in 02 evolution caused by Mg2+ was 43%, which correlated well with the predicted value. These results suggested that although the stromal acidification by Mg2+ was small, it was large enough to account for the Mg2+-induced inhibition of 02 evolution.
Effects of Oligomycin on Divalent Cation Responses. To determine whether the envelope ATPase was involved in the K+ reversal of Mg2+ inhibition of photosynthesis (i.e. H' efflux and K+ influx), several ATPase inhibitors were tested for inhibition of 02 evolution in the presence and absence of 2 mM Mg2+ + 10 mM K+ (Table II) . If the envelope ATPase was involved in H+ efflux from the stroma and K+ uptake, then inhibition of the ATPase should decrease the ability of external K+ to reverse Mg2+ inhibition of 02 evolution. In the absence of inhibitors, Mg2+ (2 mM) caused about 42% inhibition of the rates. Upon the addition of 10 mM K+, Mg2e inhibition was reversed producing rates about 91% of those of the control. The chloroplast coupling factor inhibitors, DCCD3 and phlorizin, inhibited 02 evolution both in the presence and absence of salts. This inhibition may be caused by interference with photophosphorylation (2, 14) . In contrast, high concentrations of ouabain and vanadate caused only slight inhibition of 02 evolution bath in the presence and absence of the cations. Oligomycin, however, had little effect on 02 evolution in the absence of evolution from four experiments was 67 ,mol 02/mg Chl. h. Plant Physiol. Vol. 68, 1981 3Abbreviation: DCCD, dicyclohexyl-carbodiimide. (Fig. 4) . At low concentrations of inhibitor (up to 8 ,Lg/ml), control rates of photosynthesis were unaffected by oligomycin. On the other hand, 02 evolution in the presence of Mg2+ + K+ was inhibited greatly by the same concentrations of inhibitor. Significant inhibition was observed at concentrations as low as 2 ug/ml oligomycin and at 10 ,g/ml, photosynthesis was inhibited by 75%. Similar results were obtained with wheat chloroplasts (data not shown). The results suggested that the H+ efflux and K+ influx wcurring under these experimental conditions may be mediated by an oligomycin-sensitive ATPase.
The effect of oligomycin on the ability of K+ to reverse Mg2" inhibition of 02 evolution is shown in Figure 5 . Increasing concentrations of K. in tAhe absence of Mg2+ had no effect on rates of 02 evolution either in the presence or absence of oligomycin (Fig.   5, A and B) . In the absence of oligomycin, low concentrations of K+ (10-20 mM) were able to reverse Mg2+ inhibition of 02 evolution (Fig, 5C ). Oligomycin (6 ,ug/ml) increased the inhibition of 02 evolution caused by Mg2s by 32% (Fig. 5D) (Fig. 2) . A small portion (about 10o) of the Mg2+ inhibition of photosynthesis may be caused by nonspecific effects.
The effect of oligomycin on changes in stromal K+ caused by Mg2+ are shown in Figure 6 . The control levels of K+ were not affected significantly by the presence and absence of the inhibitor.
Externally supplied 20 mm K+ in the absence of Mg2+ increased K+ levels above those ofthe control. In the presence of oligomycin, no increase in K+ content above this basal K+ level was observed with the addition of Mg2+ + 20 mm K+. Oligomycin appeared specifically to prevent K+ uptake at this low external K+ concentration, suggesting that at lower K+ concentrations, ATPase activity is required to reverse Mg2+-induced stromal acidification and K+ efflux. Figure 7 shows the effect of oligomycin on inhibition of 02 evolution by sodium acetate. In the absence of oligomycin, concentrations of acetate greater than about 5 mm were required to produce detectable inhibitions and 50%1o inhibition required greater than 30 mM sodium acetate. In the presence of oligomycin, inhibition by acetate was accentuated at all concentrations and the amount required to give 50%o inhibition was reduced to about 21 mm. The per cent inhibition caused by oligomycin increased from 3% in the absence of acetate to about 48% in the presence of 30 mm acetate. The results suggested that oligomycin allowed acetate to cause greater acidification of the stroma (and inhibition of photosynthesis). The envelope ATPase may function (in the absence of divalent cations) to maintain an alkaline stromal pH. Inhibition of the ATPase would be expected to result in increased inhibition of 02 evolution under conditions that cause stromal acidification. (Table IV) . The thylakoid ATPase activity was insensitive to oligomycin but was strongly inhibited by DCCD. These data support previous reports (1, 14) . In contrast, the ATPase activity of envelope membranes was relatively insensitive to DCCD. This insensitivity has been reported by Douce et al. (4 (Fig. 4) Figure 8 . The reversible, passive flux required exogenous Mg2`f or activity and exchanges H+ and K+ in a concentration dependent manner, whereas the postulated active mechanism, mediated by the envelope ATPase, was probably strictly involved in H+ efflux and K+ uptake. Through these two mechanisms, the stromal pH could be regulated. Increased stromal acidity caused increased photosynthetic sensitivity to Pi, thus strongly influencing rates of photosynthesis (5, 9).
Several lines of evidence were found to support this model. First, the Mg2e-induced inhibition of 02 evolution, which was normally prevented by the addition of low concentrations of K+, required much higher K+ concentrations to overcome inhibition in the presence of oligomycin (Fig. 5) . Second, the acidification caused by Mg2+ was reversed by low concentrations of K+ in the absence of oligomycin, but required much higher concentrations of K+ for reversal in the presence of the ATPase inhibitor (Table  III) . Third, in the presence of oligomycin, low concentrations of K+ were unable to increase stromal K+ levels above that of basal K+ levels (Fig. 6) . Fourth, oligomycin increased the inhibition of photosynthesis caused by sodium acetate (Fig. 7) , which suggested that the envelope ATPase may function to maintain an alkaline stromal pH by energy-linked efflux of HW. Finally, it was verified that the envelope ATPase was partially sensitive to oligomycin (Table IV) . Hence, oligomycin may be useful to determine the role of the envelope ATPase in chloroplast photosynthesis.
This active/passive exchange of H+ for K+ may enable the chloroplast to maintain an alkaline stromal pH under conditions of low cytoplasmic pH (17) . Further studies need to be performed to determine the involvement of the exchange in vivo and its importance in maintaining the pH differential between the stroma and Cyt.
